In the present work, the evaluation of chicken feather particles (CFP) and styrene-butadiene/ chicken feather (SBS-CF) composites as modifiers for asphalt binder is presented. It is well known that elastomers are the best asphalt modifiers, because their thermoplastic behavior assists asphalts in improving the range of their mechanical properties at both low and high temperatures. Nowadays, the use of natural products and byproducts as fillers for polymer matrices has been a matter of research, and the field of asphalt modification is not the exception. Chicken feather particles (CFP) is a waste material whose main component is keratin, which offers remarkable properties. In the present work, CFP was used as a filler of a styrene-butadiene rubber matrix (SBS) with radial structure, to obtain a composite intended as an asphalt modifier. Besides, raw CFP was also tested as an asphalt modifier. Physical, thermal and rheological properties of the modified asphalts were evaluated in order to determine their degree of modification with respect to the original asphalt. The results show that the addition of raw CFP improves some physical properties as penetration and decreases the phase separation; furthermore, the asphalt modified with CFP displayed similar rheological properties to those shown by the asphalt modified with SBS, while some other properties resulted in being even better, like the phase separation, with the advantage that the CFP comes from a natural waste product.
Introduction
The increasing vehicular flow, as well as dramatic climate change, are some of the main causes of road asphalt distress; therefore, it is necessary to improve its performance. The growing need of improving the properties of the currently available commercial asphalts has attracted the interest of many research groups in order to study different asphalt modifiers that are able to enhance its properties while minimizing the damage caused by rutting, fractures, raveling, cracking, etc. Moreover, the high production costs, which are directly related to the international prices of crude oil, as well as the high level of pollution involved in the processing of asphalt, are also restrictions demanding new materials that meet not only quality but also environmentally friendly criteria, as well as low cost. These motivations are encouraging researchers to employ waste materials as modifiers of asphalt blends with the purpose of using sustainable resources in asphalt modification technology. to obtain a homogenous particle size (0.074 mm) of chicken feather particles (CFP). The selected SBS (styrene-butadiene-styrene block copolymer) was radial structured with 31% of total styrene content and was provided by Dynasol Elastómeros, Altamira, Tamaulipas, México. The base asphalt binder used was a PG64-22 asphalt that was donated by Ergon Asfaltos México, Altamira, with the following SARA composition: saturates 8.38%, aromatics 37.14%, resins 36.33%, and asphaltenes 28.15%.
Composite Preparation
The polymer composites were prepared in a mixing chamber of 60 cm 3 equipped with Roller blades. The amount of CFP was kept constant. The operating temperature was 80 • C, and the tested rotation speeds were 50 and 70 rpm.
Preparation of Modified Asphalt Mixtures
Modified asphalt blends were prepared using a heating device with temperature control and an IKA-Eurostar Power control-visc 6000 stirrer. Both temperature (180 • C) and mixing speed were kept constant. Homogeneous dispersions of the modifiers into the asphalt were obtained. The amount of modifier was fixed at 2% wt (weight percent) [11] . The following additional samples were prepared and identified: asphalt modified with pure SBS (M1), asphalt with pure CFP (M2) and asphalt-SBS-CFP; the latter sample was prepared considering two additional sequences of the additives into the asphalt: SBS followed by CFP represented sample M3, while CFP followed by SBS corresponded to sample M4. Finally, two SBS/CFP composites were prepared and tested as asphalt modifiers: The first composite was obtained at 50 rpm and 80 • C (M5) while the other was prepared at 70 rpm and 80 • C (M6). The nomenclature of these samples is displayed in Table 1 . 
Physical Properties
Dynamic viscosity was determined by means of a Brookfield DV-II+ Pro viscometer, using 10.5 g samples with an adapted geometry. Measurements were carried out at 135 • C. The ASTM D36/D36M-14e1 method was used to determine the asphalt softening point. The phase separation or storage stability test based on the ASTM D5892-00/M-MMP-4-05-022/02 methods allows us to identify the compatibility between the asphalt and its modifier and is considered as one of the main performance indicators of the efficiency of an asphalt modification technique. For carrying out this test, the modified asphalt mixture was poured into a collapsible tube, then aged at 163 • C for 48 h, and finally frozen at temperatures below 0 • C. If the difference between the softening points of the top and the bottom sections of the tube is less than 3 • C, the samples are considered to have good high-temperature storage stability. The ASTM D5/D5M-19 penetration test was carried out using a Koeler K95500 penetrometer in order to assess the consistency of the asphalt binder. Fluorescence microscopy was performed in a Carl Zeiss Axiotech equipment with a magnification of 20×; this technique is based on the optical phenomenon of fluorescence that allows to identify the dispersion of modifier particles within the asphalt, given that particles with better dispersion show no fluorescence. This property largely depends on the concentration of the modifier on the asphalt. The incident energy, usually in the range of UV light, is absorbed by the electronic structure of the specimen. Every test was carried out twice.
Thermal Analysis
The Simultaneous Differential Scanning Calorimetry (DSC)/Thermogravimetric analysis (TGA) (SDT) measurements were used to evaluate the thermal stability of the asphalt blends by separation of component weight losses. For this purpose, a TA Instruments Q600 equipment was used to analyze 10 ± 2 mg samples, under nitrogen atmosphere (100 mL/min), and at a heating rate of 10 • C/min, using platinum pans.
Rheological Analysis
Dynamic rheological measurements of the asphalt blends were conducted in a Dynamic Shear Rheometer (DSR) of TA Instruments model Discovery HR-3 equipment. First, frequency and amplitude sweeps were run to recognize the linear viscoelastic region (LVR). Afterwards, a temperature sweep was performed under the oscillating mode fixing a deformation of 10% and 10 rad/s with temperatures ranging from 52 to 124 • C at intervals of 6 • C. The behavior of the ratio of the complex modulus to the sinus of the phase angle (G*/sin δ) as a function of the temperature was monitored at 10 rad/s, since this value is associated with a 100 km/h traffic speed [7] . Table 2 shows the physical properties of the asphalt binder. The softening point increased in all of the modified samples regarding the pristine asphalt; therefore, all these mixtures will be less susceptible to permanent deformations. The softening point behaved analogously to the viscosity since these two properties are closely related, this is consistent with the fact that asphalts with a high softening point are more viscous than those with a low softening point. Additionally, the processing conditions of the composites (prepared at 80 • C and 50 or 70 rpm, respectively) do not seem to significantly affect the physical properties of the asphalt modified with those composites (M5 and M6). On the other hand, the addition sequence of the additives into the asphalt (as shown by the properties of the samples M3 and M4) has a greater effect on the physical properties of the asphalt blends, which indicates that the addition order determines the way in which CFP interacts with the heavy fractions of the asphalt through intermolecular forces, resulting in a high softening point and low phase separation and penetration values. However, the improvement of the physical properties of the modified asphalts is not as good as in the samples modified just with SBS or only with CFP (samples M1 and M2). As can be observed in Table 2 , the best results correspond to those of the asphalt modified using just CFP (M2), a natural waste that was not subjected to any chemical process. This implies that the size reduction of the chicken feathers is sufficient for promoting the use of CFP as an efficient modifier of the physical properties of the asphalt. The softening temperature values after the phase separation test exhibited that the largest difference between the top and bottom parts of the collapsible tube, clearly corresponds to that of the asphalt binder modified with SBS and CFP in that addition order (M3). The incorporation of only CFP in the mixture causes a narrowing of the difference between the properties of the upper and lower regions of the tube; the difference fits into the range of the storage-stable mixtures as shown by the value of less than 1 • C for asphalt modified with only CFP (M2), the lowest value among all the tested materials, followed by 2.3 • C, shown by the asphalt modified with SBS (M1). The rest of the asphalts presented higher temperature gaps. This behavior indicates that the asphalt blend prepared with raw CFP was the most homogeneous. This behavior is attributed to the interaction between the amino acid groups of the keratin structure and the polar compounds of the asphalt, such as resins and asphaltenes. These interactions can be explained by the presence of three different mechanisms: (1) existence of rigid inclusions, (2) filler-asphalt interfacial effects and (3) reinforcement due to the filler volume produced by particle interaction [8, 22] . Keratin has a complex structure that leads to an increased mechanical stability in the asphalt blend [23] .
Results

Physical Properties
Similar behavior between polar particles has already been reported, e.g., nanoclays and asphalt heavy fractions [22] as well as oyster shell, which are mainly composed of calcium carbonate [8] . However, in the case of CFP, a better response in softening temperature and penetration was achieved.
The penetration test of all modified asphalts decreased with respect to the penetration of the unmodified asphalt (Table 2) , since it varies from 6 to 36% of the original property. The penetration test is related to the consistency of the asphalt. Low penetration values indicate rigidity, which implies a reduction in its ductility and in the possibility of producing mechanical damage. The results of this study indicate that the best penetration value was obtained in the sample modified using only CFP (M2). The significant changes of the physical properties of this mixture are a consequence of the fact that the modification mechanism was not only limited to the friction among the chemical structures dispersed in the asphalt matrix, nor to the formation of rigid structural domains of styrene in the SBS structure [24] . Moreover, they also improved by means of the surface energy related to the modified CFP, which promotes their tendency to attract the chemical species that surround them, mainly by the chemical structure of keratin, which is the main component of CFP.
The viscosity of a dispersed system depends on the hydrodynamic interactions between the particles and the fluid, and particle-particle attractions that promote the presence of aggregates, floccules, or networks that increase the Brownian motion [22] . Table 2 shows rotational viscosity values of the asphalt blends at 135 • C. The sample with the highest viscosity was the asphalt modified with CFP (M2), slightly surpassing the SBS-modified asphalt (M1), followed by the asphalt modified with SBS/CFP prepared by adding CFP first (M4). The sample with the lowest viscosity was the one prepared with composite SBS/CFP at 50 rpm (M5). These results point out that the viscosity is also affected by the presence of CFP; this behavior is very significant considering the origin of the modifier. The above mentioned increase in viscosity suggests the establishment of interactions between keratin and the asphalt polar fractions, such as asphaltenes and resins, as discussed earlier. Figure 1b , where the absence of fluorescence reveals a homogeneous dispersion attributed to a compatibility improvement of the asphalt polar components induced by the CFP nature. This phenomenon proves the previously discussed interaction effect. Oppositely, Figure 1e ,f show the strongest fluorescence, suggesting that these samples are multiphased and, therefore, these blends are unstable. Apparently, this is caused by the partial swelling of the rubber in the presence of lighter crude-oil fractions [15] . Previous studies have reported that nanoparticles with certain functional groups can act as compatibility activators; in this case, the functional groups present in the keratin of CFP have a similar effect [6, 7] . Moreover, the SBS and CFP addition order was found to affect the dispersion pattern of the modifier in the blends, as lower dispersion degree was observed by adding SBS first. This also confirms what has been said about the keratin-asphalt interaction, which is higher compared to that of SBS-asphalt.
Fluorescent Microscopy
Thermogravimetric Analysis (TGA)
The thermal analysis has proven to be an important tool for evaluating the decomposition process of asphalt, through the analysis of curves of weight loss and derivative Thermogravimetry (DTG) [25] . Figure 2 shows TGA thermograms of the prepared asphalt blends. Raw CFP and SBS were tested independently for comparison. As observed, the CFP decomposition curve shows a weight loss stage at the range of 50-250 °C attributed to the beginning of thermal decomposition of keratin [26] , a second one at the range of 250-400 °C consistent with the keratin denaturation and disulfide bonds breakdown, and finally, a residue (about 18%) at 1000 °C [20] . The SBS thermogram showed a single decomposition stage ranging from 400 to 500 °C, which is typical of this kind of material [20] .
Asphalt blends prepared with CFP presented a weight loss stage from 250 °C to 500 °C with a residue of about 15%, which is quite similar to that of raw CFP. In this region, the decomposition of asphaltenes has been reported before [27] . The multiple decomposition stages have also been reported for asphalt binders [28] . Given that the decomposition temperatures of the CFP and the asphalt are quite similar, the derivative weight loss curve (DTG) was obtained to determine the point corresponding to the most significant weight loss. A derivative weight loss curve can be used to indicate the point at which weight loss is most apparent and the temperature of the peak in the DTG corresponds to the temperature at which maximum degradation takes place. In addition, its quotient allows to determine the blend susceptibility to decomposition. In Figure 3 , from the DTG curve it can be observed that the total decomposition of the asphalt blends takes place in a single stage around Moreover, the SBS and CFP addition order was found to affect the dispersion pattern of the modifier in the blends, as lower dispersion degree was observed by adding SBS first. This also confirms what has been said about the keratin-asphalt interaction, which is higher compared to that of SBS-asphalt.
The thermal analysis has proven to be an important tool for evaluating the decomposition process of asphalt, through the analysis of curves of weight loss and derivative Thermogravimetry (DTG) [25] . Figure 2 shows TGA thermograms of the prepared asphalt blends. Raw CFP and SBS were tested independently for comparison. As observed, the CFP decomposition curve shows a weight loss stage at the range of 50-250 • C attributed to the beginning of thermal decomposition of keratin [26] , a second one at the range of 250-400 • C consistent with the keratin denaturation and disulfide bonds breakdown, and finally, a residue (about 18%) at 1000 • C [20] . The SBS thermogram showed a single decomposition stage ranging from 400 to 500 • C, which is typical of this kind of material [20] . decomposition at the same temperature, in contrast with either SBS or SBS/CFP composites. Additionally, these results confirm the compatibility between CFP and the asphalt [26] . This behavior can be attributed to the keratin structure, which makes the asphalt more resistant to temperature, even if its decomposition begins before SBS [29] . The addition order has a similar effect on the thermal stability, showing an improved behavior compared with that of the asphalt modified either only with SBS or with the SBS/CFP composites. Asphalt blends prepared with CFP presented a weight loss stage from 250 • C to 500 • C with a residue of about 15%, which is quite similar to that of raw CFP. In this region, the decomposition of asphaltenes has been reported before [27] . The multiple decomposition stages have also been reported for asphalt binders [28] . Given that the decomposition temperatures of the CFP and the asphalt are quite similar, the derivative weight loss curve (DTG) was obtained to determine the point corresponding to the most significant weight loss. A derivative weight loss curve can be used to indicate the point at which weight loss is most apparent and the temperature of the peak in the DTG corresponds to the temperature at which maximum degradation takes place. In addition, its quotient allows to determine the blend susceptibility to decomposition. In Figure 3 , from the DTG curve it can be observed that the total decomposition of the asphalt blends takes place in a single stage around 480 • C, far beyond the blending temperature and similar to the SBS decomposition temperature [29] . Even if the decomposition temperature of the modified asphalts is technically the same, their quotient shows slight variations, which indicates their susceptibility to degradation. The CFP-modified asphalt shows a lower quotient compared to the rest of the modified asphalts, which means that it is the least likely to suffer thermal weight loss; this may be due to the physical interactions between CFP and the heavy fractions of asphalt, which require more energy to break the bonding. Based on the results of this study, CFP by itself is the best modification agent for increasing the stability to decomposition at the same temperature, in contrast with either SBS or SBS/CFP composites. Additionally, these results confirm the compatibility between CFP and the asphalt [26] . This behavior can be attributed to the keratin structure, which makes the asphalt more resistant to temperature, even if its decomposition begins before SBS [29] . The addition order has a similar effect on the thermal stability, showing an improved behavior compared with that of the asphalt modified either only with SBS or with the SBS/CFP composites. Appl. Sci. 2019, 9, 
Rheology
The G*/sin δ vs. temperature of the modified asphalts is shown in Figure 4 . In this context, complex modulus is related to the asphalt blend stiffness and G*/sin δ represents the resistance of the modified asphalts to permanent deformations. The corresponding failure temperatures are indicated in the figure. The G*/sin δ values of the modified asphalts are lower than that of the SBS-modified asphalt (control). The blend modified with 2% CFP (M2) is the closest to the reference value. The lowest values correspond to the samples incorporating the composites prepared at 80 °C and 50 or 70 rpm mixing speed. Therefore, the effect of using CFP as a modifier is more significant when it is added alone than when it is incorporated into the SBS/CFP composite, and its effect is similar to that of radial SBS. This means that CFP may equal the behavior of higher rubber loads; however, that study was not carried out in the present work. Keratin has a crosslinked structure similar to that of radial SBS, and then, it may be responsible for the similar rheological effects of both materials on the asphalt binder. The modifying effect becomes more evident above 85 °C, as previously reported [30, 31] . Since G*/sin δ indicates the degree of asphalt resistance to deformation when exposed to stress, it can be inferred that the CFP addition may be equivalent to the use of radial SBS in a wide range of thermal conditions. These results have not been reported before, given that CFP has not been studied previously. 
The G*/sin δ vs. temperature of the modified asphalts is shown in Figure 4 . In this context, complex modulus is related to the asphalt blend stiffness and G*/sin δ represents the resistance of the modified asphalts to permanent deformations. The corresponding failure temperatures are indicated in the figure. The G*/sin δ values of the modified asphalts are lower than that of the SBS-modified asphalt (control). The blend modified with 2% CFP (M2) is the closest to the reference value. The lowest values correspond to the samples incorporating the composites prepared at 80 • C and 50 or 70 rpm mixing speed. Therefore, the effect of using CFP as a modifier is more significant when it is added alone than when it is incorporated into the SBS/CFP composite, and its effect is similar to that of radial SBS. This means that CFP may equal the behavior of higher rubber loads; however, that study was not carried out in the present work. Keratin has a crosslinked structure similar to that of radial SBS, and then, it may be responsible for the similar rheological effects of both materials on the asphalt binder. The modifying effect becomes more evident above 85 • C, as previously reported [30, 31] . Since G*/sin δ indicates the degree of asphalt resistance to deformation when exposed to stress, it can be inferred that the CFP addition may be equivalent to the use of radial SBS in a wide range of thermal conditions. These results have not been reported before, given that CFP has not been studied previously.
The G*/sin δ ratio is useful to determine the failure temperature of asphalts, i.e., the temperature at which the aforementioned parameter equals 1 kPa (Figure 4 ), also known as T SHRP . The resistance of modified asphalts to permanent deformations at high temperatures is rheologically described by T SHRP as a softening point (from the physical perspective); at high temperatures, the higher the T SHRP , the better the mechanical resistance properties of the asphalt. The results suggest that CFP interactions are efficient enough to affect both the thermal and mechanical properties of the asphalt, as a consequence of the dispersion of the CFP domains within the asphalt matrix [29] . However, the obtained values are not as high as others reported in reference works. The G*/sin δ ratio is useful to determine the failure temperature of asphalts, i.e. the temperature at which the aforementioned parameter equals 1 kPa (Figure 4 ), also known as TSHRP. The resistance of modified asphalts to permanent deformations at high temperatures is rheologically described by TSHRP as a softening point (from the physical perspective); at high temperatures, the higher the TSHRP, the better the mechanical resistance properties of the asphalt. The results suggest that CFP interactions are efficient enough to affect both the thermal and mechanical properties of the asphalt, as a consequence of the dispersion of the CFP domains within the asphalt matrix [29] . However, the obtained values are not as high as others reported in reference works.
The tan δ measurements are generally preferred over G* due to their higher sensitivity to physical changes, as well as to the chemical structure of asphalts. Figure 5 shows the tan δ isochronal curves at the same angular frequency considered for the construction of G* curves. The elastic response of the modified asphalts with CFP is better compared with that of the SBS-modified asphalt, since the elastic modulus is higher than the viscous modulus. The elastic nature of the asphalt is reduced as the temperature increases because the phase angle reaches an asymptotic value of 90 degrees, indicating that the asphalt shifts from a predominantly elastic behavior to a more significant viscous component. CFP-modified asphalt has the lowest tan δ value (even lower than that of the SBS-modified asphalt above 85 °C), suggesting that it will show a better elastic response before flowing. The tan δ measurements are generally preferred over G* due to their higher sensitivity to physical changes, as well as to the chemical structure of asphalts. Figure 5 shows the tan δ isochronal curves at the same angular frequency considered for the construction of G* curves. The elastic response of the modified asphalts with CFP is better compared with that of the SBS-modified asphalt, since the elastic modulus is higher than the viscous modulus. The elastic nature of the asphalt is reduced as the temperature increases because the phase angle reaches an asymptotic value of 90 degrees, indicating that the asphalt shifts from a predominantly elastic behavior to a more significant viscous component. CFP-modified asphalt has the lowest tan δ value (even lower than that of the SBS-modified asphalt above 85 • C), suggesting that it will show a better elastic response before flowing. The G*/sin δ ratio is useful to determine the failure temperature of asphalts, i.e. the temperature at which the aforementioned parameter equals 1 kPa (Figure 4) , also known as TSHRP. The resistance of modified asphalts to permanent deformations at high temperatures is rheologically described by TSHRP as a softening point (from the physical perspective); at high temperatures, the higher the TSHRP, the better the mechanical resistance properties of the asphalt. The results suggest that CFP interactions are efficient enough to affect both the thermal and mechanical properties of the asphalt, as a consequence of the dispersion of the CFP domains within the asphalt matrix [29] . However, the obtained values are not as high as others reported in reference works.
The tan δ measurements are generally preferred over G* due to their higher sensitivity to physical changes, as well as to the chemical structure of asphalts. Figure 5 shows the tan δ isochronal curves at the same angular frequency considered for the construction of G* curves. The elastic response of the modified asphalts with CFP is better compared with that of the SBS-modified asphalt, since the elastic modulus is higher than the viscous modulus. The elastic nature of the asphalt is reduced as the temperature increases because the phase angle reaches an asymptotic value of 90 degrees, indicating that the asphalt shifts from a predominantly elastic behavior to a more significant viscous component. CFP-modified asphalt has the lowest tan δ value (even lower than that of the SBS-modified asphalt above 85 °C), suggesting that it will show a better elastic response before flowing. The SBS-modified asphalt (M1), the one modified with the composite prepared at 70 rpm (M6) and the CFP-modified sample (M2) do not exhibit a sharp elastic-viscous behavior shift, unlike the rest of the materials, which show this evident transition with increasing tan δ above 80 • C. The latter behavior implies that M3, M4 and M5 would not withstand stress and thus, they are prone to develop failures like ruts, fractures and cracking.
Conclusions
According to the results of this study, CFP showed that it can be considered as a potential material for asphalt modification, due to the improvements induced on the physical properties of the pure asphalt such as softening temperature, penetration, and phase separation, which resulted in increasing its stability and stiffness. The rheological properties of the asphalt modified with CFP, exhibited its reinforced elastic nature, which was very close to that of the asphalt modified directly with the pure SBS elastomer. These results suggest that CFP is a promising material that can be applied to partially replace the non-renewable asphalt binder modifiers that are extensively used in the construction of road infrastructure, without sacrificing the good performance of commercial asphalts. The addition sequence of SBS and CFP shows that when the last one is added first to the asphalt, the physical, thermal and rheological properties of the asphalt are enhanced, because it favors the interaction between CFP (particularly the keratin functional groups) and the heavy fractions of asphalt (like asphaltene and resins), resulting in particle-asphalt interfacial effects and a change in volume produced by particle interaction. The overall results of this study lead to the conclusion that the use of CFP for preparing modified asphalt mixtures is convenient not only because of the enhanced functional performance of the asphalt, but also because it is an efficient way of using a natural waste of great scientific potential that has not been extensively exploited yet.
